Quiescent flow and wind tunnel tests were performed to gain additional physical insights into flow control for automotive aerodynamics using surface dielectric barrier discharge plasma actuators. First, the aerodynamic characteristics of ionic wind were studied, and a maximum induced velocity of 3.3 m/s was achieved at an excitation voltage of 17 kV. Then, the optimal installation position of the actuator and the influence of the excitation voltage on flow control at different wind speeds were studied. The conclusions drawn are as follows. The effect of flow control is better when the upper electrode of the actuator is placed at the end of the top surface, increasing the likelihood of the plasma generation region approaching the natural separation location. The pressure on top of the slanted surface is primarily affected by airflow acceleration at a low excitation voltage and by the decrease of the separation zone at a high excitation voltage. The maximum drag reduction can be realized when the maximum velocity of ionic wind reaches 1.71 m/s at a wind speed of 10 m/s and 2.54 m/s at a wind speed of 15 m/s. Moreover, effective drag reduction can be achieved only by continuing to optimize the actuator to generate considerable thrust at a high wind speed.
Introduction
When vehicles are driven at a speed of over 80 km/h, more than 60% of their energy consumption is generated by drag. In addition, the energy consumption can be reduced by 3.5-8% for every 10% reduction of the drag coefficient. The increasingly stringent fuel consumption regulations and the urgent need for electric vehicles to improve the one-charge driving distance pose immense challenges to energy conservation and emission reductions. However, the drag reduction ability of traditional passive flow control methods, such as optimizing automobile styling [1] and installing aerodynamic accessories [2] , is limited and has even basically reached its limitation. To address this issue, several new active flow control methods that use external energy to change the topological structure of the airflow around a vehicle's body have been developed. Such methods provide the possibility of further reducing the drag of vehicles.
The key concept of active flow control is to achieve effective separation flow control by directly injecting momentum into the boundary layer and changing or overcoming the adverse pressure gradient. Common momentum injection methods include mixed jets [3] , pulse jets [4, 5] , fluidic oscillators [6] , and surface dielectric barrier discharge (SDBD) plasma actuators [7, 8] . Compared with mechanical synthetic jets, an SDBD plasma actuator is a new type of active flow control device. It features a fast response and low power consumption, and does not involve moving mechanical parts and changing the shape of the controlled body [9] . However, this actuator still suffers from several 
Experimental Equipment

Vehicle Geometry
The present study focuses on the wake flow of the rear body with a slant angle of 25°. The dimensions of the model are as follows (Figure 1 ): the length L0 is 1.044 m, the height H0 is 0.288 m, and the width W0 is 0.389 m. The height of the rear slanted surface HS and rear base HV is 0.094 m and 0.194 m, respectively. The diameter of the supporting cylinder is 0.03 m, and the ground clearance of the model is 0.05 m.
Wind Tunnel and Measuring Instrument
The model test was conducted in the return-flow automotive wind tunnel of Jilin University. The size of the wind tunnel nozzle is 4.4 m × 2 m, the length of the test section is 8 m, and the inflow turbulence intensity is less than 0.5%. The surface pressure of the model was measured using a 96channel pressure scanner with a range of 1 psi and an accuracy of ±0.05%. Drag was measured using a six-component balance with an X-direction range of 200 N and an accuracy of 0.05%. Then, 2D particle image velocimetry (PIV) was performed to measure the flow velocity. In contrast with a pitot tube and a hot wire, this process does not produce interference on the flow field and can measure the flow velocity of the entire plane and display it visually. A PIV laser can produce a 532 nm wavelength laser with a maximum laser energy of 200 mJ, and the charge-coupled device (CCD) camera has 1024 × 1280 pixels. Narrow-band filters were attached to the lens of the CCD camera and flat lacquer was sprayed on the wall to avoid near-wall reflection. Paraffin oil droplets are nontoxic, can stay in the air for several hours, and have uniform diameters (1 μm). Hence, paraffin oil droplets were used as tracer particles for plasma-induced flow and wind tunnel measurements.
SDBD Plasma Actuator
The design of an actuator is crucial to the performance of the induced ionic wind. A thick medium, a narrow upper electrode, a wide lower electrode, and a reasonable electrode gap can induce a strong ionic wind for an actuator [31, 32] . In this study, the plasma actuator used was composed of two electrodes of the same thickness of 0.06 mm with the electrode gap Δd of 1mm. The width of the upper electrode d1 was 2 mm and that of the lower electrode d2 was 20 mm. Kapton is a type of dielectric material that exhibits a good performance due to its low thickness (0.05 mm) and large relative permittivity constant (εr = 3.5). It is widely used in the design of SDBD plasma actuators. However, its poor high-temperature resistance results in the short service life of actuators. Therefore, six layers of Kapton were selected as the primary dielectric material, and a layer of Teflon (with a thickness of 0.13 mm, εr = 2.6) with high-temperature resistance was used to cover the surface in order 
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Vehicle Geometry
The present study focuses on the wake flow of the rear body with a slant angle of 25 • . The dimensions of the model are as follows ( Figure 1 ): the length L 0 is 1.044 m, the height H 0 is 0.288 m, and the width W 0 is 0.389 m. The height of the rear slanted surface H S and rear base H V is 0.094 m and 0.194 m, respectively. The diameter of the supporting cylinder is 0.03 m, and the ground clearance of the model is 0.05 m.
Wind Tunnel and Measuring Instrument
The model test was conducted in the return-flow automotive wind tunnel of Jilin University. The size of the wind tunnel nozzle is 4.4 m × 2 m, the length of the test section is 8 m, and the inflow turbulence intensity is less than 0.5%. The surface pressure of the model was measured using a 96-channel pressure scanner with a range of 1 psi and an accuracy of ±0.05%. Drag was measured using a six-component balance with an X-direction range of 200 N and an accuracy of 0.05%. Then, 2D particle image velocimetry (PIV) was performed to measure the flow velocity. In contrast with a pitot tube and a hot wire, this process does not produce interference on the flow field and can measure the flow velocity of the entire plane and display it visually. A PIV laser can produce a 532 nm wavelength laser with a maximum laser energy of 200 mJ, and the charge-coupled device (CCD) camera has 1024 × 1280 pixels. Narrow-band filters were attached to the lens of the CCD camera and flat lacquer was sprayed on the wall to avoid near-wall reflection. Paraffin oil droplets are nontoxic, can stay in the air for several hours, and have uniform diameters (1 µm). Hence, paraffin oil droplets were used as tracer particles for plasma-induced flow and wind tunnel measurements.
SDBD Plasma Actuator
The design of an actuator is crucial to the performance of the induced ionic wind. A thick medium, a narrow upper electrode, a wide lower electrode, and a reasonable electrode gap can induce a strong ionic wind for an actuator [31, 32] . In this study, the plasma actuator used was composed of two electrodes of the same thickness of 0.06 mm with the electrode gap ∆d of 1mm. The width of the upper electrode d 1 was 2 mm and that of the lower electrode d 2 was 20 mm. Kapton is a type of dielectric material that exhibits a good performance due to its low thickness (0.05 mm) and large relative permittivity constant (ε r = 3.5). It is widely used in the design of SDBD plasma actuators. However, its poor high-temperature resistance results in the short service life of actuators. Therefore, six layers of Kapton were selected as the primary dielectric material, and a layer of Teflon (with a Energies 2019, 12, 3805 4 of 14 thickness of 0.13 mm, ε r = 2.6) with high-temperature resistance was used to cover the surface in order to effectively improve the service life of the exciter. The electrodes were connected to a high-voltage AC power supply (CTP-2000K, Nanjing Suman Company, Nanjing) that provided a peak voltage of 0-30 kV and a maximum output power of 500 W. The excitation frequency of the actuator used in this study was 6.7 kHz.
Aerodynamic Characteristics of the Ionic Wind Induced by the SDBD Actuator
Arrangement of the Quiescent Flow Test
The actuator was arranged on a flat plate in a quiescent environment to study the aerodynamic characteristics of ionic wind, as shown in Figure 2 . Consistent with the actuator installed on the Ahmed model, the effective discharge width of the actuator was 0.389 m. The excitation voltage ranged from 9 kV to 18 kV, with an increase interval of 1 kV. PIV was used to obtain the time-averaged velocity within the vertical plane of the symmetry of the actuator with an interrogation window of 32 × 32 pixels and an overlap of 50%. In addition, 500 pairs of independent images were captured for each test configuration. Figure 3a shows that the horizontal direction was set as the X-axis, the vertical direction was set as the Y-axis, and the end of the upper electrode was set as the coordinate origin in the PIV velocity field.
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The actuator was arranged on a flat plate in a quiescent environment to study the aerodynamic characteristics of ionic wind, as shown in Figure 3 . Consistent with the actuator installed on the Ahmed model, the effective discharge width of the actuator was 0.389 m. The excitation voltage ranged from 9 kV to 18 kV, with an increase interval of 1 kV. PIV was used to obtain the timeaveraged velocity within the vertical plane of the symmetry of the actuator with an interrogation window of 32 × 32 pixels and an overlap of 50%. In addition, 500 pairs of independent images were captured for each test configuration. Figure 2a shows that the horizontal direction was set as the Xaxis, the vertical direction was set as the Y-axis, and the end of the upper electrode was set as the coordinate origin in the PIV velocity field. Figure 4 shows the time-averaged velocity magnitude field of ionic wind at different excitation voltages. When the actuator is working, ambient air flows into the plasma region and is accelerated, forming a jet near the wall. In the downstream area of the actuator, the development of ionic wind is similar to that of a classical wall jet in static air. The thrust generated by the actuator is gradually weakened until it disappears as the plasma concentration gradually decreases, and the velocity gradually decreases, moves away from the wall surface, and slowly increases in height. The discharge between electrodes becomes increasingly intense as the excitation voltage increases. Furthermore, the length of ionic wind increases gradually until the excitation voltage exceeds 17 kV; at this point, the length of ionic wind stops increasing. Moreover, ionic wind mostly exists within the height range of to effectively improve the service life of the exciter. The electrodes were connected to a high-voltage AC power supply (CTP-2000K, Nanjing Suman Company, Nanjing) that provided a peak voltage of 0-30 kV and a maximum output power of 500 W. The excitation frequency of the actuator used in this study was 6.7 kHz.
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Aerodynamic Characteristics of the Ionic Wind Induced by the SDBD Actuator
Arrangement of the Quiescent Flow Test
The actuator was arranged on a flat plate in a quiescent environment to study the aerodynamic characteristics of ionic wind, as shown in Figure 3 . Consistent with the actuator installed on the Ahmed model, the effective discharge width of the actuator was 0.389 m. The excitation voltage ranged from 9 kV to 18 kV, with an increase interval of 1 kV. PIV was used to obtain the timeaveraged velocity within the vertical plane of the symmetry of the actuator with an interrogation window of 32 × 32 pixels and an overlap of 50%. In addition, 500 pairs of independent images were captured for each test configuration. Figure 2a shows that the horizontal direction was set as the Xaxis, the vertical direction was set as the Y-axis, and the end of the upper electrode was set as the coordinate origin in the PIV velocity field. Figure 4 shows the time-averaged velocity magnitude field of ionic wind at different excitation voltages. When the actuator is working, ambient air flows into the plasma region and is accelerated, forming a jet near the wall. In the downstream area of the actuator, the development of ionic wind is similar to that of a classical wall jet in static air. The thrust generated by the actuator is gradually weakened until it disappears as the plasma concentration gradually decreases, and the velocity gradually decreases, moves away from the wall surface, and slowly increases in height. The discharge between electrodes becomes increasingly intense as the excitation voltage increases. Furthermore, the length of ionic wind increases gradually until the excitation voltage exceeds 17 kV; at this point, the length of ionic wind stops increasing. Moreover, ionic wind mostly exists within the height range of 5 mm from the wall. In contrast with the time-averaged ionic wind velocity field, the generation of ionic wind is unsteady, the vortex structure is periodically induced, and its pulsation frequency is the same as the excitation frequency of the actuator [33] . The pulsation period of ionic wind is within the order of 10 −4 s, which is considerably shorter than the time scale of the flow response of 10 −2 s. Hence, most researchers believe that the effect of an actuator on the external flow field is steady under continuous excitation of a high-frequency AC voltage [34] .
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Wake Flow Control of the Ahmed Body
Arrangement of the Wind Tunnel Experiment
The flow control effects of the plasma actuator on the Ahmed body were experimentally studied in a wind tunnel using PIV velocity field, surface pressure, and aerodynamic resistance measurements. All the aforementioned test methods have never been used simultaneously in previous studies. Figure 5 shows that the Ahmed model is fixed on a platform at a height of 0.5 m above the wind tunnel ground to avoid the influence of the ground boundary layer, and the leading edge of the platform is chamfered to avoid boundary layer separation in this area. The distance between the model and the front-rear edge of the platform is 1L 0 and 3L 0 , respectively, and the total width of the platform is 7W 0 . The PIV laser was arranged at the end of the platform, and a CCD camera was set outside the platform on the side of the model. Pressure sensors were connected to the pressure tap on the slanted surface through the inside of the body. Moreover, the upstream locations of the actuator were flattened with insulating tape. The experimental blocking ratio was less than 2%.
When the Reynolds number reaches 0.7 × 10 6 , the contribution of negative pressure around the slanted surface and the vertical base to the total aerodynamic drag is approximately 80% for the Ahmed body with a rear slant angle of 25 • [25] . Therefore, only the wake flow control was investigated in this study.
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The installation positions of airfoils have been investigated in previous studies [18, 36] . The most effective location of a plasma actuator for lift and drag improvement has been precisely confirmed to 
The installation positions of airfoils have been investigated in previous studies [18, 36] . The most effective location of a plasma actuator for lift and drag improvement has been precisely confirmed to Energies 2019, 12, 3805 7 of 14 be upstream of the natural separation point. However, for the Ahmed body, the position of the natural separation points of airflow is fixed due to the oblique angle at the tail of the model and the 3D wake flow is more complex. Therefore, the installation position of the actuator should be studied and the control effects at different positions should be compared.
Boucinha [26] placed an actuator at different positions on a slanted surface and achieved the greatest drag reduction when the upper electrode was arranged on top of the slanted surface (Figure 6a ). This position was labeled "Position 1" in this paper. Shadmani [27] realized a good control effect by placing the upper electrode of an actuator at the end of the top surface, i.e., "Position 2" in this paper. However, the conditions for the two groups of tests differed, and thus, no effective comparison could be made. Therefore, under a fixed wind speed (U ∞ = 15 m/s, Reynold's number = 1.07 × 10 6 ) and a fixed excitation voltage (V pp = 13 kV), the control effect of the aforementioned position of the actuator is investigated in the present study to explore the best placement of the actuator and its control mechanism.
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(a) (b) To measure the surface pressure distribution at the tail of the body, 62 pressure taps on the slanted surface and on the symmetry line of the vertical base were used, as shown in Figure 7 . The pressure taps were only located on one side of the slanted surface due to the symmetry. Pressure coefficients were calculated using Equation (1):
where P is the static pressure at any point on the model, P∞ is the static pressure of free flow, U∞ is the velocity of free flow, and ρ is the air density. Pressure coefficients were calculated using Equation (1):
where P is the static pressure at any point on the model, P ∞ is the static pressure of free flow, U ∞ is the velocity of free flow, and ρ is the air density.
Energies 2019, 12, 3805 8 of 14 Figure 8a shows the pressure coefficient distribution on the slanted surface of the original model without the plasma actuator, while Figure 8b shows the pressure coefficient distribution on the slanted surface when the plasma actuator is off. The difference between the two is relatively small, indicating that the arrangement of the actuator has little impact on the wake flow of the model. When no control is applied, the pressure at the top is the lowest and gradually increases down the slant, and this result is consistent with the surface distribution observed by Joseph [37] . A low-pressure region exists at the lateral edge of the slanted surface, and this region extends down the slant due to the development of the C-pillar vortex, as shown in Figure 1 . After applying the control, the low-pressure region in most areas of the slanted surface is gradually replaced with a high-pressure region, while the low-pressure region at the lateral edge changes in an inevident manner. This result indicates that the actuator can effectively control flow separation above the slanted surface to increase its overall pressure with minimal influence on the C-pillar vortex. Since the arrangement of the actuator has little impact on the wake flow of the model, the actuator can be arranged inside the body with only the upper electrode exposed in practical application, which has no impact on the flow. Therefore, the control effect of the actuator was studied based on the state of "plasma off", as presented below. Figure 8a shows the pressure coefficient distribution on the slanted surface of the original model without the plasma actuator, while Figure 8b shows the pressure coefficient distribution on the slanted surface when the plasma actuator is off. The difference between the two is relatively small, indicating that the arrangement of the actuator has little impact on the wake flow of the model. When no control is applied, the pressure at the top is the lowest and gradually increases down the slant, and this result is consistent with the surface distribution observed by Joseph [37] . A low-pressure region exists at the lateral edge of the slanted surface, and this region extends down the slant due to the development of the C-pillar vortex, as shown in Figure 1 . After applying the control, the lowpressure region in most areas of the slanted surface is gradually replaced with a high-pressure region, while the low-pressure region at the lateral edge changes in an inevident manner. This result indicates that the actuator can effectively control flow separation above the slanted surface to increase its overall pressure with minimal influence on the C-pillar vortex. Since the arrangement of the The pressure distribution on the symmetry line of the tail is shown in Figure 9 (z/H 0 < 0.67 is for the rear base and z /H 0 > 0.67 is for the slanted surface). The pressure on the slanted surface is considerably lower than that on the rear base; the closer to the top, the lower the pressure, and the greater the pressure gradient. When the control is applied, pressure change is largely reflected on the slanted surface, particularly at the center, and the pressure drag of the model mostly originates from the negative pressure around the slanted surface [28] . Therefore, only the pressure on the slanted surface was analyzed in this research. Notably, the pressure increases in most regions, but decreases at Energies 2019, 12, 3805 9 of 14 the top because of the acceleration of airflow around the actuator. The pressure changes are analyzed in detail in Figure 10 .
A comparison of the pressure distribution at different actuator positions in Figures 8 and 11 shows that the control effect of the actuator at Position 2 is better under the same excitation conditions. This result suggests that the upper electrode of the actuator should be arranged upstream of the separation location to allow the plasma generation region to move closer to the separation location. In this manner, a more effective control effect can be achieved. Therefore, the actuator was arranged at Position 2 for further research. A comparison of the pressure distribution at different actuator positions in Figures 8 and 11 shows that the control effect of the actuator at Position 2 is better under the same excitation conditions. This result suggests that the upper electrode of the actuator should be arranged upstream of the separation location to allow the plasma generation region to move closer to the separation location. In this manner, a more effective control effect can be achieved. Therefore, the actuator was arranged at Position 2 for further research. 
Control Effect under Different Excitation Voltages
The preceding experiment on the pressure distribution of the tail showed that the pressure at the top of the slanted surface is inconsistent with the change trend of the other regions. Therefore, the pressure coefficient at the top of the symmetry line of the slanted surface (z/H0 = 0.98) under different excitation voltages was analyzed, as shown in Figure 10 . 
The preceding experiment on the pressure distribution of the tail showed that the pressure at the top of the slanted surface is inconsistent with the change trend of the other regions. Therefore, the pressure coefficient at the top of the symmetry line of the slanted surface (z/H 0 = 0.98) under different excitation voltages was analyzed, as shown in Figure 10 . The pressure coefficient initially decreases and then increases with an increase in the excitation voltage. This phenomenon occurs because when the excitation voltage of the actuator is low (Vpp < 11 kV), the airflow around the plasma actuator is accelerated as the voltage increases (Figure 9 ), causing the pressure to drop. As the voltage (Vpp > 11 kV) continues to increase, the velocity of the airflow around the actuator no longer increases significantly, while the control force of the actuator on the separation flow continues to strengthen (Figure 9 ). Hence, the suppression of flow separation leads to a gradual increase in pressure on the slanted surface and gradually affects the topmost end, resulting in a rebound of pressure in this region. As the voltage further increases (Vpp > 13 kV), the pressure gradually becomes stable, indicating that the influence of the voltage increase on the control of the separation flow is no longer evident at this time. Figure 9 shows the variation of the velocity field in the vertical plane of the symmetry with the excitation voltage. The visualization results illustrate that the airflow separates at the top of the slanted surface without control and forms a large separation bubble above the surface. Such a bubble is a low-energy fluid-gathering area for a large total pressure loss; this result is consistent with the flow field obtained by Aubrun [38] . After the control is applied, the airflow around the actuator is accelerated, and high-speed flow is attached back to the surface. Hence, the separation flow is gradually suppressed and the low pressure of the tail is improved. When the excitation voltage exceeds 13 kV, the flow field does not change significantly. This result presents the same trend as that shown in Figure 12b . In conclusion, a plasma actuator can effectively suppress the separation flow above the slanted surface and cause high-speed flow to tend toward the surface. The pressure coefficient initially decreases and then increases with an increase in the excitation voltage. This phenomenon occurs because when the excitation voltage of the actuator is low (V pp < 11 kV), the airflow around the plasma actuator is accelerated as the voltage increases (Figure 9 ), causing the pressure to drop. As the voltage (V pp > 11 kV) continues to increase, the velocity of the airflow around the actuator no longer increases significantly, while the control force of the actuator on the separation flow continues to strengthen (Figure 9 ). Hence, the suppression of flow separation leads to a gradual increase in pressure on the slanted surface and gradually affects the topmost end, resulting in a rebound of pressure in this region. As the voltage further increases (V pp > 13 kV), the pressure gradually becomes stable, indicating that the influence of the voltage increase on the control of the separation flow is no longer evident at this time. The pressure coefficient initially decreases and then increases with an increase in the excitation voltage. This phenomenon occurs because when the excitation voltage of the actuator is low (Vpp < 11 kV), the airflow around the plasma actuator is accelerated as the voltage increases (Figure 9 ), causing the pressure to drop. As the voltage (Vpp > 11 kV) continues to increase, the velocity of the airflow around the actuator no longer increases significantly, while the control force of the actuator on the separation flow continues to strengthen (Figure 9 ). Hence, the suppression of flow separation leads to a gradual increase in pressure on the slanted surface and gradually affects the topmost end, resulting in a rebound of pressure in this region. As the voltage further increases (Vpp > 13 kV), the pressure gradually becomes stable, indicating that the influence of the voltage increase on the control of the separation flow is no longer evident at this time. Figure 9 shows the variation of the velocity field in the vertical plane of the symmetry with the excitation voltage. The visualization results illustrate that the airflow separates at the top of the slanted surface without control and forms a large separation bubble above the surface. Such a bubble is a low-energy fluid-gathering area for a large total pressure loss; this result is consistent with the flow field obtained by Aubrun [38] . After the control is applied, the airflow around the actuator is accelerated, and high-speed flow is attached back to the surface. Hence, the separation flow is gradually suppressed and the low pressure of the tail is improved. When the excitation voltage exceeds 13 kV, the flow field does not change significantly. This result presents the same trend as that shown in Figure 12b . In conclusion, a plasma actuator can effectively suppress the separation flow above the slanted surface and cause high-speed flow to tend toward the surface. Figure 9 shows the variation of the velocity field in the vertical plane of the symmetry with the excitation voltage. The visualization results illustrate that the airflow separates at the top of the slanted surface without control and forms a large separation bubble above the surface. Such a bubble is a low-energy fluid-gathering area for a large total pressure loss; this result is consistent with the flow field obtained by Aubrun [38] . After the control is applied, the airflow around the actuator is accelerated, and high-speed flow is attached back to the surface. Hence, the separation flow is gradually suppressed and the low pressure of the tail is improved. When the excitation voltage exceeds 13 kV, the flow field does not change significantly. This result presents the same trend as that shown in Figure 12b . In conclusion, a plasma actuator can effectively suppress the separation flow above the slanted surface and cause high-speed flow to tend toward the surface.
Control Effect at Different Wind Speeds
To study the ability of the plasma actuator to control the wake flow of the model at different wind speeds, the pressure distribution on the symmetry line of the slanted surface and the maximum drag reduction were analyzed at wind speeds of 10, 15, 20, and 25 m/s. To study the ability of the plasma actuator to control the wake flow of the model at different wind speeds, the pressure distribution on the symmetry line of the slanted surface and the maximum drag reduction were analyzed at wind speeds of 10, 15, 20, and 25 m/s. Figure 12 , the pressure gradually increases with an increase in the excitation voltage at a wind speed of 10 m/s, until it exceeds 11 kV (Umax = 1.71 m/s). At this point, the pressure control reaches its limit and will not change with an increase in the excitation voltage. Following the same trend, the pressure control also reaches its limit and no longer changes after the excitation voltage reaches 13 kV (Umax = 2.54 m/s) at a wind speed of 15 m/s. However, the pressure always rises with an increase in the excitation voltage at high wind speeds. Hence, the pressure control does not reach its limit. In particular, the pressure increase is extremely small at a high wind speed of 25 m/s.
As shown in
Only the control of the drag is discussed in this paper. The drag coefficient Cd is defined as
where D is the force of drag, ρ is the density of air monitored in real time during the experiment, and A is the area of the frontal model section.
To quantify drag reduction, ΔCd is considered as follows:
where the superscripts correspond to the state of actuation (on or off). A negative ΔCd indicates the drag reduction rate. Through research on the drag coefficient under different wind speeds and excitation voltages, the trend of the drag coefficient change was determined to be consistent with the trend of pressure change in Figure 12 . Therefore, only the maximum drag reduction rates at different wind speeds are listed in Table 2 . The maximum drag reduction rate under the control of the plasma actuator can reach approximately 7.9% at a low speed; this result is consistent with the maximum drag reduction of 8% using a single actuator reported by Boucinha [26] . However, this value is the limit of the drag reduction rate under these wind speeds. The maximum drag reduction rate decreases at higher wind speeds. In particular, drag reduction is only 2.91% at a wind speed of 25 m/s. The actuator exhibits a strong control effect on the wake flow at a low wind speed. Reaching the control limit is easy, and continuously increasing the excitation voltage is ineffective. The control effect of the actuator gradually weakens with an increase in wind speed. The maximum thrust of the Figure 12 , the pressure gradually increases with an increase in the excitation voltage at a wind speed of 10 m/s, until it exceeds 11 kV (U max = 1.71 m/s). At this point, the pressure control reaches its limit and will not change with an increase in the excitation voltage. Following the same trend, the pressure control also reaches its limit and no longer changes after the excitation voltage reaches 13 kV (U max = 2.54 m/s) at a wind speed of 15 m/s. However, the pressure always rises with an increase in the excitation voltage at high wind speeds. Hence, the pressure control does not reach its limit. In particular, the pressure increase is extremely small at a high wind speed of 25 m/s.
Only the control of the drag is discussed in this paper. The drag coefficient C d is defined as
To quantify drag reduction, ∆C d is considered as follows:
where the superscripts correspond to the state of actuation (on or off). A negative ∆C d indicates the drag reduction rate. Through research on the drag coefficient under different wind speeds and excitation voltages, the trend of the drag coefficient change was determined to be consistent with the trend of pressure change in Figure 12 . Therefore, only the maximum drag reduction rates at different wind speeds are listed in Table 2 . The maximum drag reduction rate under the control of the plasma actuator can reach approximately 7.9% at a low speed; this result is consistent with the maximum drag reduction of 8% using a single actuator reported by Boucinha [26] . However, this value is the limit of the drag reduction rate under these wind speeds. The maximum drag reduction rate decreases at higher wind speeds. In particular, drag reduction is only 2.91% at a wind speed of 25 m/s. The actuator exhibits a strong control effect on the wake flow at a low wind speed. Reaching the control limit is easy, and continuously increasing the excitation voltage is ineffective. The control effect of the actuator gradually weakens with an increase in wind speed. The maximum thrust of the actuator is generated under an excitation voltage of 17 kV. However, such a value still cannot meet the effective requirement of drag reduction at a high wind speed. Optimizing the design of the actuator and generating considerable thrust to achieve effective control at a high wind speed should be continued. 
Conclusions
In the present research, the aerodynamic characteristics of ionic wind under excitation voltages of 9-18 kV were measured, and the change rule of the maximum ionic wind velocity with the excitation voltage was determined. Then, the plasma actuator was used to control flow over an Ahmed body model with a rear slant angle of 25 • and the influence of the actuator position, excitation voltage, and wind speed on the control effect was studied. This study provides detailed data support for subsequent studies on Ahmed model flow control at different wind speeds, and several conclusions can be drawn, as follows.
The effect of drag reduction is better when the upper electrode of the actuator is placed at the end of the top surface, increasing the likelihood of the plasma generation region approaching the natural separation location.
The pressure at the top of the symmetry line of the slanted surface was analyzed and determined to be influenced by the local airflow velocity and the low-pressure separation zone formed by the separation flow in the tail. When the excitation voltage is low, the pressure is primarily affected by airflow acceleration and gradually decreases. The airflow velocity changes minimally as the excitation voltage gradually increases. It is primarily affected by the decrease in the separation zone, and the pressure gradually increases. Although the acceleration of the airflow around the top of the slanted surface leads to a decrease in pressure in this region, the suppression of the separation zone causes the overall pressure in the tail region to rise, reducing drag. In this manner, the mechanism of flow control on the Ahmed model was further explored.
At low wind speeds, the maximum velocity of ionic wind for optimal control was found and a maximum drag reduction rate of approximately 7.9% was obtained. At a wind speed of 10 m/s, effective control can be achieved when the maximum velocity of ionic wind is 1.71 m/s. At a wind speed of 15 m/s, effective control can be achieved when the maximum velocity of ionic wind is 2.54 m/s. At high wind speeds, a maximum velocity of 3.3 m/s is insufficient for achieving the best control effect, and the maximum drag reduction rate dropped to 6.2% at a wind speed of 20 m/s and to 2.9% at a wind speed of 25 m/s. Therefore, only by continuing to optimize the actuator to generate considerable thrust can drag reduction be effectively achieved at a high wind speed.
For further investigation of plasma actuator effectiveness, it is suggested that multiple plasma actuators be used simultaneously to achieve effective control at higher speeds and the relationship between the plasma actuator energy consumption and the amount of fuel reduction be evaluated. 
